Abstract The technology that silicic acid was pressurized under high temperature in order to dehydrate and transform was investigated in the paper. The effects, such as the ratio of liquid to solid, pressure, temperature, and reaction time on the dehydration rate and volume shrinkage rate, were researched. The experimental results show that the dehydration rate of silicic acid is up to 41.20 %, accompanying with the volume shrinkage rate of 40.37 % after silicic acid is pressurized under high temperature in the high-pressure kettle. The results of silicic acid tested by SEM indicate that the metasilicate acid molecules and water molecules are closely arranged, and there are almost no gaps before pressure reaction. There are many gaps accompanying with formatting lamellar structure after pressure reaction. The experimental results indicate the effect that silicic acid is dehydrated and transformation is obvious under high temperature and pressure.
Introduction
Silicic acid is important raw materials for high-purity quartz, light-guide fiber, metallurgical polycrystalline silicon, and refractory materials [1] [2] [3] . On the one hand, silicic acid is used as catalyst or catalyst carrier in petroleum, chemical industry, synthetic fiber, synthetic rubber, and so on [4] [5] [6] . It is also a better kind of adsorbent, desiccant, or moisture proof agent [7] [8] [9] [10] . On the other hand, silicic acid is also utilized as filling material or reinforcing material [11, 12] . More importantly, it is a kind of inorganic salt industrial products. But silicic acid has some obvious shorts, such as many pore structure and containing water of crystallization [13] . Silicic acid usually contains about 70 %-75 % water [14] , which not only increases cost of transportation and raw materials but also limits the usage of silicic acid.
Silicic acid was decomposed out from sodium silicate solution through carbonating process and acid pickling process, which usually had about 70 wt%-75 wt%, so the technology that silicic acid was pressurized under high temperature and pressure in order to dehydrate and transformation was investigated in the paper. Owing to the high temperature and pressure, some of the crystal water could be removed quickly and easily accompanied the destructing and recombining processes of the crystal lattice of silicic acid. According to this principle, we researched the process that silicic acid was dehydrated and transformed under high temperature and pressure in order to get a simple and low-cost process.
Nevertheless, the dehydration method of silicic acid was mainly related to the high-temperature technology under 700-900°C at home and abroad [15] . Researches of this kind had some shortcomings such as high energy consumption and high absorbent water. At the same time, there are few papers about the conditions for the dehydration and transformation process of silicic acid under high pressure, so studying the technology of dehydration and transformation under high pressure is necessary.
Experimental

Raw materials and instruments
The silicic acid utilized in this study originated from sodium silicate solution by carbon dioxide decomposition, and it was washed to remove the surplus impurities by hydrochloric acid. The chemical compositions of silicic acid are shown in Table 1 . It was indicated that the impurities, such as Al, Fe, Ti, Cu, Zn, and Mn, were very low, but the moisture was about 75 %.
The instruments and equipments used in the test are as follows: high-temperature reaction kettle of titanium material, water bath reactor, speed blender, atomic absorption spectrophotometer (P2E3030), and inorganic mass spectrometry (ICP2MSEIAN2750).
Experimental method
The experimental method in this study is that silicic acid and pure water were put into the high-pressure kettle after mixing according to a certain ratio of liquid to solid, and the effects, such as the ratio of liquid to solid, pressure, temperature, and reaction time on the dehydration rate and volume shrinkage rate, were researched. After that, the volume shrinkage rate and the dehydration rate of the silicic acid were tested, and also, the crystal lattice change of silicic acid was tested by the analysis of SEM.
Calculation method of dehydration rate and volume
shrinkage rate
The dehydration rate of H 2 SiO 3 is based on the following equation:
The volume shrinkage rate of H 2 SiO 3 is based on the following equation:
where M 1 and M 2 are moisture content of H 2 SiO 3 before and after dehydration and transformation, respectively. V 1 and V 2 are volume of H 2 SiO 3 before and after dehydration and transformation, respectively.
3 Results and discussion
Effect of temperature
The experiment conditions were carried out as follows: H 2 SiO 3 was 200 g, the liquid-solid ratio, pressure, and reaction time were set as 6:1, 0.8 MPa, and 3 h, respectively. The effect of temperature on the dehydration rate and volume shrinkage ratio of H 2 SiO 3 is shown in Fig. 1 . It shows that the dehydration rate of H 2 SiO 3 increases with the temperature rises. The dehydrating rate that was maintained between 37.5 % and 38 % has a slight increase when the temperature is between 150 and 170°C. The stable structure is formed between metasilicic acid molecule and crystal water molecule, so it is hard to destroy the high bonding energy. Then, the dehydration rate of H 2 SiO 3 begins to increase again when the temperature reaches up to 170°C because the bond between hydrochloric acid molecule and crystal water molecule may be destroyed. Besides, the volume shrinkage ratio of H 2 SiO 3 also increases as the temperature increases before 140°C, and then, a stable area between 140 and 150°C in the curve increases for the stable bond and the nearly unchangeable distance between hydrochloric metasilicic acid molecule and crystal water molecule. However, when the temperature increases above 150°C, the distance between Technology of dehydration and transformation of silicic acid 533 hydrochloric acid molecule and crystal water molecule may be reduced for the bond destroyed between the two kinds of molecules. Therefore, the suitable temperature range of the transformation and dehydration process is thought to be 150-160°C.
Effect of pressure
The experimental conditions were carried out as follows: seven samples with the same weight of 200 g were separately placed under 0.2, 0.25, 0.3, 0.4, 0.6, 0.7, and 0.8 MPa; the liquid-solid ratio, temperature, and reaction time of all the seven samples were set as 6:1, 150°C, and 3 h, respectively. The effect of pressure on the dehydration rate and volume shrinkage ratio of H 2 SiO 3 is shown in Fig. 2 . It is clear that the dehydration rate of H 2 SiO 3 increases with the pressure rising when the pressure is below 0.4 MPa. The dehydration rate of H 2 SiO 3 only increases in small extent when the pressure is between 0.4 and 0.7 MPa. However, the dehydration rate of H 2 SiO 3 begins to increase largely again when the pressure is above 0.7 MPa. The reason of the slight increase of the dehydration rate of H 2 SiO 3 is that the structure of H 2 SiO 3 could retain stability during 0.4-0.7 MPa, and the bond between hydrochloric acid molecule and crystal water molecule is hard to be destroyed under such a pressure range. However, the dehydration rate of H 2 SiO 3 begins to increase largely when the pressure reaches above 0.7 MPa for the bond between hydrochloric acid molecule and crystal water molecule may be destroyed.
In addition, the volume shrinkage ratio of H 2 SiO 3 also increases as the pressure increases. However, the increasing trend of the volume shrinkage ratio is almost as invariant as the dehydration rate for the stable bond and the nearly unchangeable distance between hydrochloric acid molecule and crystal water molecule between 0.4 and 0.6 MPa. Then, the volume shrinkage ratio increases again when the pressure increases above 0.6 MPa, and the reason may be the distance between hydrochloric acid molecule and crystal water molecule are enlarged by destroying the bond between the two kinds of molecules in this pressure range.
Therefore, the optimal pressure range of the process is thought to be 0.6-0.8 MPa.
Effect of time
The experimental conditions were carried out as follows: H 2 SiO 3 was 200 g; the liquid-solid ratio, pressure, and temperature were set as 6:1, 0.8 MPa, and 150°C, respectively. The effect of time on the dehydration rate and volume shrinkage ratio of H 2 SiO 3 is shown in Fig. 3 , which shows that the dehydration rate and volume shrinkage rate of silicic acid increase with prolonging the reaction time; the dehydration rate and the volume shrinkage rate are, respectively, up to 40.60 % and 40.50 %. The bonds between the two kinds of metasilicate acid molecules and water molecules are gradually destructed under the conditions which show the volume shrinkage rate, and the dehydration rate increases in macro. The result is clear that it is useful to the process of transformation and dehydration to prolong reaction time. Therefore, the optimal reaction time range of the process is thought to be 2.5-3.5 h.
Effect of liquid-solid ratio
The experimental conditions were carried out as follows: H 2 SiO 3 was 200 g, the reaction time, pressure, and temperature were set as 2.5 h, 0.8 MPa, and 150°C, respectively. The effect of liquid-solid ratio on the dehydration Fig. 2 Effect of pressure on dehydration rate and volume shrinkage ratio of H 2 SiO 3 Fig. 3 Effect of time on dehydration rate and volume shrinkage ratio of H 2 SiO 3 rate and volume shrinkage ratio is shown in Fig. 4 . It can be seen that the dehydration rate and the volume shrinkage rate increase with the increasing liquid-solid ratio, and they reach their peaks of 41.20 % and 40.50 %, respectively. Then, the volume shrinkage rate becomes gentle, and the dehydration rate decreases when the liquid-solid ratio is more than 4.5:1.0. The results show that it is useful to the process of transformation and dehydration under increasing liquid-solid ratio. Therefore, the optimal liquidsolid range of the process is thought to be 3.5:1.0-4.5:1.0.
Experiments under optimum conditions
Three sets of parallel experiment were conducted according to the preceding experiment results. The experimental conditions were carried out as follows: H 2 SiO 3 was 200 g, the reaction time, pressure, temperature, and liquid-solid ratio were set, respectively, as 3 h, 0.5 MPa, 150°C, and 4:1. The results are shown in Table 2 . Table 2 shows that the dehydration rate and the volume reduction rate are, respectively, up to 41.20 % and 40.37 % after pressurizing, which is consistent with the previous results obtained through the same conditions. Since the volume change rate and dehydration rate are very important to the pressurized transition process, samples with dehydration rate of 41.20 % and volume shrinkage rate of 40.37 % were analyzed by SEM, and the results are shown in Figs. 5 and 6. Figure 5 are the SEM images of water containing silicic acid before pressure. It shows that there are almost no gaps among the silicic acid molecules and the water molecules, and the molecules are tightly packed, but there are many gaps among them, while the lamellar structure is formed after high temperature and pressure (Fig. 6) . The main reason is as that the metasilicate acid molecules have lost water molecules under the stated conditions. All these show that the effect that silicic acid is dehydrated and transformed under high temperature and pressure is obvious. Fig. 4 Effect of liquid-solid ratio on dehydration rate and volume shrinkage ratio of H 2 SiO 3 Technology of dehydration and transformation of silicic acid 535
Conclusion
The effect of silicic acid dehydrated and transformed under high temperature and pressure is obvious by controlling the ratio of liquid to solid, reaction temperature, and time. The results show that the dehydration rate and the volume shrinkage rate are, respectively, up to 41.20 % and 40.37 % when the reaction time, pressure, temperature, and the liquid-solid ratio were set, respectively, as 3 h, 0.5 MPa, 150°C, and 4:1. SEM images of water containing silicic acid before pressure show that there are almost no gaps among the silicic acid molecules and the water molecules, and the molecules are tightly packed, but there are many gaps among them while the lamellar structure are formed after high temperature and pressure. The results indicate that the structure of silicic acid has obviously changed after high temperature and pressure.
